Abstract-Power systems are experiencing major changes in their structure and operation that make them more complex in nature. Further, the ever-increasing electricity demand along with the high penetration of renewable energy sources push the power systems to work closer to the system limits. In this sense, there is a need for accurate analysis for assessing the power system operating condition. Since the loads are a source of uncertainty in the power system analysis, in this work an extended investigation of the effect of the inaccurate load composition on the frequency response of the system is performed. The composite load model is used to represent the loads on the IEEE 39-bus dynamic test system in which a protection scheme was added, including a high penetration of renewable energy sources is assumed in order to have a more realistic representation of the current power system case. The aim of this work is to underline the importance of the accurate load composition for contingency analysis and system planning.
I. INTRODUCTION
Power systems are facing new challenges with the increasing penetration of renewable energy sources (RES) and the introduction of new loads. Both factors affect considerably the system response in case of disturbances. Therefore, a realistic and accurate model of the power system is crucial in order to be able to evaluate the reliability and robustness of the system to disturbances and to take correct decisions about the future needs of the system. Many efforts have been made to accurately model the power system. For decades engineers have been modelling in detail the components of the power systems with loads receiving less attention compared to other components (e.g. lines and generators). However, the inaccuracy that the load models introduce to the whole model of the system may affect considerably the results of the studies. For instance, in August 2003 USA and Canada experienced a widespread blackout which affected about 55 million people. However, when the operators tried to rebuild the event for postmortem simulations, they realized that the load models used in the simulations were inaccurate and the event could not be represented by the power system model [1] . The importance of improving the load representation for stability analysis was recognized after an event in Sweden in 1983 where the load behavior was the main cause that led the system to collapse [2] . In reality though, loads are one of the most difficult components to model due to their changing characteristics. More specifically, in most cases load models represent multiple loads that are changing over time, weather, geographic location, etc.
Once the need for accurate load models was recognized, many researchers tried to improve the load modelling and simulate accurately the dynamics of the system [3] - [6] . However, in [7] it is shown that 75% of operators use the same load model for different load classes and only 50% are using measurements for the identification of load model parameters. In addition, only 20% have updated the load model parameters less than a year ago and 21% less than 2-5 years. Further, 40% of the operators do not consider at all the small distributed generation and only 23% use a dynamic model for it. This study shows that many electric utilities may use inaccurate representation of loads and have an erroneous picture of the system response especially during transient analysis. In [8] it is mentioned that typically motors consume 60-70% of the total power in a power system while in [9] it is shown that the percentage of motors varies significantly during the day. Since the fraction of motors in the total load is varying and many operators do not update or estimate the load model parameters often, there is a large error on load representation. The effect of accurate load parameters in real systems has been examined in [10] and the effect of uncertainties in load model parameters is shown in [11] .
In this paper, the importance to have a realistic load model with an accurate load composition that represents adequately the load response to dynamic events is examined. For this purpose, the frequency response of the system is considered under different scenarios. In this paper we have extended the work in [10] by examining the limits of a testbed system (IEEE 39 bus test system) for different levels of photovoltaic (PV) penetration. In addition, a more detailed PV model is used considering the PV protection schemes under a certain voltage level. The contributions of this work are: (1) The illustration of the importance of load modelling and the effect of the composition error of the model, (having erroneous fractions in the components that comprise the load model) on the decisions taken by the operators regarding the planning and the contingency analysis. This is performed through a case study, where it is shown that the load composition can affect the operating decisions and consequently the power system operation. ( 2) The results of this work are extracted by a realistic power system testbed since the protection schemes for undervoltage and underfrequency load shedding are added in the IEEE 39-bus system as well as the protection scheme of PVs. (3) The importance of the load composition to the proper operation of the system under high RES penetration is highlighted.
The paper is organized as follows. Section II focuses on load modelling and the composite load model that is used in the paper to represent the loads of the power system. The case studies and the results are presented in Section III, while Section IV outlines the conclusions and the future work.
II. LOAD MODELLING
Load modelling is essential for the proper design and operation of the power system. In general, load models are the mathematical representation of the active and reactive power in response to voltage and frequency variations. Through the load model the aggregated power to a feeder or a substation is represented. Hence, load modelling has a strong effect on the power system stability analysis, especially with the changing characteristics of power systems. The models must be able to accurately represent the load response in case of disturbances in the system. However, loads are one of the main sources of uncertainty in the power system simulations. It is important to thoroughly choose the right model structure of loads that will be able to accurately represent the load response for multiple events and to estimate the parameters of the chosen load model structure in a way that represents the load behavior at each moment. In this sense, the goal in load modelling is to minimize the error between the modelled and the real active and reactive power demand, especially during disturbances that may occur in the system. In general, the load can be represented by measurementbased or component-based models. In the case of a componentbased model, data about the composition of the aggregated load is needed. Thus, knowing the consistency of the load and the characteristics of each component it is possible to extract a model for the whole aggregated load. However, not enough data are frequently collected and therefore the structure of the aggregate load is usually unknown. In addition, the composition of the aggregate load is changing regularly.
Due to the lack of data, the measurement-based model is usually used by the operators. For the measurement-based load modelling, data are collected during the events that occur in the power system. Using the collected measurements, the parameters are estimated in such a way that the output of the load model matches the real aggregated load that is modelled. However, the parameter estimation is a challenging task due to the large number of parameters for some load models. The more detailed the model is, the more parameters it has. Therefore, a middle ground solution must be chosen to enhance the accuracy of the load representation, finding an optimal solution in order to keep the accuracy from both the model and the parameters.
Since there are various models in the literature, the choice of the appropriate model is based on the purpose that the load model will be used. For instance, a static model is not able to capture the dynamics of the system. Therefore, when the dynamics of the system need to be captured, a dynamic load model must be selected. The most frequently used dynamic load models are the dynamic exponential recovery and the composite load model. The exponential recovery model is usually used for the slow recovery loads whereas the composite load model is able to represent many types of loads having a large number of parameters to be defined.
A. Composite Load Model
The composite load model is a combination of a dynamic and a static part that can model the detailed components of loads and can also capture the transient behavior during disturbances in the system. For the case studies shown in this paper a composite load model based on the proposed model by NERC is used [9] . This load model is able to represent the behavior of multiple types of loads. In particular, it consists of six components that each one represents a different type of load. In addition, it includes the distribution equivalent, the underfrequency and undervoltage load shedding (UFLS/ UVLS) scheme and the distributed generation resources, as shown in Fig. 1 . The six components that form the load are: 1) Motors A-C (three three-phase induction motors with build in protection) each representing a different type of motor in the aggregated load, 2) Motor D, a single-phase induction motor, 3) power electronics and 4) the static load. Each component represents an aggregation of loads of the same type at the given bus.
Motor A represents three-phase induction motors with low inertia, driving constant torque loads. Such motors are usually found in commercial/industrial air conditioning compressors and refrigeration systems. The model represents both smaller and larger compressor motors that are distinguished by their different protection characteristics. Motor B represents threephase induction motors with high inertia, driving loads whose torque is proportional to the square of the speed. Such motors are found in commercial ventilation fans and air handling systems. Motor C represents three-phase induction motors with low inertia that are driving loads whose torque is proportional to the square of the speed. Such loads are found in commercial water circulation pumps in central cooling systems. Motor B and Motor C models have protection devices for staggered tripping. These models represent an aggregation of all the threephase motors connected to the system. The parameters to be defined are related to the motor parameters, the inertia and the motor protection. Motor D represents the single-phase air conditioner model. This model was derived from laboratory tests to represent the real behavior of air-conditioners and is able to model both run and stall operating conditions.
The power electronic loads in the system are increasing so a separate component is defined to represent also this type of loads. This power electronic component represents from large motor drives to small consumer electronics. The main power electronic loads represented are the variable frequency drives (VFD) and the electronically commutated motors (ECM). The VFD are usually found in commercial buildings for circulating pumps, fans and other AC motor loads. The ECM are found in various applications like furnaces, air handlers and condensing units. In addition to these, the power electronic component also represents small electronic loads like consumer electronics, high efficiency appliances and office equipment. The power electronic load model gives as output the active and reactive power that changes according to voltage [9] . The static load model includes all the loads that are not represented by the previous models such as the lighting loads, small electrical household and commercial loads. This model has a polynomial representation. The polynomial coefficients P 1c, P2c, P3c, Q1c, Q2c, Q3c, the polynomial exponents P1e, P2e, P3, Q1e, Q2e, Q3e, and the frequency sensitivity Pfrq and Qfrq need to be defined as shown in (1) 
where Vo, Po, Qo are the voltage, active and reactive power before the disturbance and Df the frequency deviation.
In addition to the parameters of each component, the composite load model also has parameters that define the fraction of each component to the total load. Since the load to be modelled is an aggregation of multiple loads connected to a feeder, multiple types of loads need to be represented by the six components comprising the composite load model. The load composition is variable and changes continuously based on the loads connected. It is well-known that loads change depending on the time of day, season, day of the week, location, climate zone, temperature, etc. As a result, it is difficult to determine the load composition and therefore further analysis is needed by the operators. For the analysis of the load composition more data are collected and used such as statistical data, surveys, the electricity consumption, load data of the industry, and algorithms, such as support vector machines [9] , [12] , [13] .
Although, the composite load model is able to represent the load behavior in detail, the model is more complex since there are a lot of parameters that need to be defined.
III. CASE STUDIES
In this paper the effect of the load composition on the frequency response of the power system is examined in order to enhance the contingency analysis and planning of the system. The case studies that are presented investigate the impact of the inaccurate load composition on the decisions taken regarding the system operation for ensuring the system integrity and robustness in case of a fault. In particular, the case studies show the effect of different load composition, unit commitment and PV generation on the frequency response. The case studies are performed on the IEEE 39-bus dynamic test system that is implemented in the DIgSILENT PowerFactory software [14] . It should be noted that the test system contains ten generators that cover a total load of 6097.1 MW and 1408.9 MVAr.
In order to assess the effect of the erroneous load composition in the case studies, the frequency response and its indicators (e.g., frequency nadir) are used. Further, many studies in the literature that examine the effect of load modelling do not consider the protection devices and RES penetration in power systems. In this work, the IEEE 39-bus dynamic test system has been modified in order to represent a realistic power system. More specifically, underfrequency load shedding has been added to the test system using an UFLS scheme based on a real system. The stages of the UFLS have been defined as presented in Table I so that when the system frequency decreases a part of the load is shed in order to restore frequency to its default value and prevent the collapse of the system. In addition to the UFLS, the undervoltage (UV) protection of the three-phase asynchronous machines that are included in the composite load model (Motor A, B, C) is considered and added to the system. This protection scheme models the buildin protection of each individual asynchronous machine to consider the tripping characteristics of the machines. In order to represent the load diversity, two levels of tripping and reconnection capabilities are modelled for different fractions of motors. It should be noted that although a sensitivity analysis is required to define accurately the parameters of the UV protection scheme, in this work the default parameters as shown in Table II are implicitly used in the following case studies [9] .
Further, the system behavior changes during disturbances due to the increased penetration of distributed energy sources following the European Union targets to increase the penetration of distributed generation in the system [15] . In this view, PVs were added to the IEEE 39-bus system with UFLS and UV protection scheme according to [16] . 
A. Case Study 1: Erroneous Load Composition
In case study 1, the effect of the inaccurate load model composition is examined. Many operators do not investigate the load characteristics during events to collect measurements in order to have an accurate load model. Thus, the load composition of the load model does not represent the real load composition of the system. In this case study, two load compositions are examined (A) mainly static and (B) mainly motors as shown in Table III . In addition, 18% percent of the system generation comes from PVs that are added to the system. Since part of the generation is covered by PVs conventional generators equivalent to the PV generation are disconnected from the system. On the IEEE 39-bus dynamic test system at t=0 s a shortcircuit occurs on bus 29 and it is cleared at t=2 s. At that time, due to the short-circuit, the generator G9 (that produce 830 MW) is disconnected. The frequency response is shown in Figure 2 and its indices are presented in Table IV . If an operator assumes that the load is composed mainly by motors (case B) the frequency nadir is 48.81 Hz and two stages of UFLS are activated. In addition, the frequency settles at 49.06 Hz. However, if the assumption is wrong due to the lack of information about the load composition and the actual load is in reality mainly static (case A), the minimum frequency is 48.59 Hz, four stages of UFLS are activated and the frequency settles at 49.63 Hz. The larger amount of PV that is disconnected in case A than in case B makes harder the frequency recovery to its nominal value. Further, Case A is much more severe than case B and there are more consequences to the system and to the consumers since 432.21 MW extra load is shed. In addition, in case B the power system operators need to take more actions during recovery in order to restore the frequency to the nominal value. With a real picture of the load characteristics, the operator has the choice to take different decisions based on the contingency analysis that they apply at the control center. For example, with the accurate knowledge of the load composition and of the system behaviour in case of a fault, the operator may plan to commit an extra generator to the system for larger reserve and increased inertia. The frequency response of the same fault and same composition as case A, but with an extra generator connected to the system is presented in Figure 3 and Table V. As it is shown in the results, if the operator decided to commit an extra generator to the system the event is much less severe. The minimum frequency is 49.34 Hz and no UFLS stages are activated. In this case only 178.56 MW of load is tripped due to the undervoltage protection of the motors and 344.19 MW less PV generation is disconnected due to low voltage. This case study shows that the accurate load composition is important during contingency analysis since the actual knowledge of the system response in case of fault will help the operators to take preventive actions where needed to avoid the large amount of load shedding.
B. Case Study 2: Different levels of PV Penetration
In case study 2, different PV generation levels are examined under the two different load compositions of Table III . The same event (short circuit) as in Case study 1 is applied to the IEEE 39-bus system for various PV generation levels. For each PV generation level, the conventional generators equivalent to the PV generation are disconnected from the system. The results of the frequency response for different load compositions and different levels of PV generation are presented in Figure 4 and Table VI. The results tabulated in Table VI show that the load composition differentiates the frequency response of the system during an occurring event for different PV generation level. For both examined load compositions the first UFLS activated when 15% of generation comes from PVs. However, even for 15% of PV generation the frequency response characteristics are more severe in case A than in case B. In the case of 20% PV generation the need for investigating and defining the load composition is even more obvious. The results shown in Table VI indicate the importance of the load composition in power system planning. It is widely known that according to EU goals the share of renewable energy sources in the generation mix should be 20% by 2020 [15] and 32% by 2030 [17] . In this sense, the accurate load composition will indicate the level of the penetration of the renewables that a system can absorb without any large frequency drops (and load shedding amount) during a disturbance. On the other hand, with inaccurate load composition, the conclusions that can be drawn regarding the penetration of the PVs that can be accommodated in the system without any consequences are erroneous. This might compromise the planning activities of the operators that are intended to enhance system robustness under high penetration levels.
Indicatively, the operator may have an erroneous picture of the system due to the lack of accurate load modelling. If the load is mainly static (case A) instead of mainly rotational (case B), the system response is more severe than expected. In case of a fault and 20% of PV generation, if the operator expects a load consisting of mainly motors (case B), the frequency nadir is 48.87 Hz, two UFLS stages are activated and 720.15 MW of load trips. However, in reality the load is mainly static (case A) so the system response is more intense than expected. The frequency nadir is 48.58 Hz, four stages of UFLS are activated and 1189.12 MW of load trips. In addition, the frequency in case B settles lower, so subsequent UFLS stages are needed in order to restore the frequency to its nominal value.
IV. CONCLUSIONS
This paper demonstrates the necessity for accurate load models and more specifically the composition of loads in order to enhance both the contingency analysis and planning in power systems. It is widely accepted that many operators do not pay much attention to load modelling due to the complexity to derive models for loads because of their changing characteristics. An investigation is performed in this paper to examine the effect of the lack of knowledge regarding the accurate composition of load models on the system behavior and more specifically on the frequency response. Nowadays, the operators tend to operate the system closer to the system limits, so the models need to be more accurate for more precise and realistic simulation results. In addition, the high penetration of PVs in the system affects the system inertia and therefore the system is more vulnerable to frequency issues. Therefore, an accurate load representation would improve both planning and contingency analysis of the system.
Based on the results of the two case studies that are described in this paper, the erroneous load composition used by the operators during the analysis of the power system may give an erroneous picture for the system state. In some cases, this inaccurate system state and behavior may make the system to operate closer to the limits and make the system more vulnerable to collapse. On the other hand, if the system works far from the limits without reason, the operational cost will increase and unnecessary upgrades of the system may be decided. Since the need for accurate load modelling, especially with the increasing penetration of RES has been highlighted, the effect on the voltage stability will be considered as future work.
